is mediated both by pairwise competitive interactions as well as higher-order three-way 1 3 9
interactions. Specifically, we model a one-dimensional quantitative trait that contributes to 1 4 0 the competitive ability of species interacting in the community. We show that in the presence 1 4 1 of higher-order interactions, high intraspecific variation across different levels of strength in 1 4 2 competition leads to significantly greater numbers of species coexisting in a community than 1 4 3 when individual variation is low. We show analytically and with model simulations that 1 4 4
intraspecific variation not only contributes to species coexistence, but also stabilizes the 1 4 5 community to external perturbation. In addition, our analyses reveal that intraspecific 1 4 6 variation in a community where higher-order interactions dictates dynamics leads to stable 1 4 7 trait clustering. Our study links the recent ecological studies of higher-order interactions with 1 4 8 eco-evolutionary dynamics and intraspecific variation. In our community model, we consider species competing with each other in a one- interest such that the distribution of the primary trait z is normally distributed with mean u i 1 5 6
for species i and variation given by
Under such conditions, the dynamics of a species i is 1 5 7
given by Lotka-Volterra equations as (Barabas and D'Andrea 2016):
And the dynamics of the mean competitive trait ‫ݑ‬ is given by:
describes the pairwise competition coefficient of species i with species j at any appendix 2). If the two species are similar to each other in terms of their average trait value u, 1 6 3 then competition between them is stronger than when they are farther apart in the trait axis; that such a community exhibits higher-order interactions than just between pairs of species.
1 7 4
In extension to the above model, we include density-mediated three-way higher-order 1 7 5
interactions where density of a third species influences pairwise competitive interactions. Under these circumstances, the equations become (see appendix 2):
And the dynamics of the competitive trait ‫ݑ‬ is given by: three way interaction remains Gaussian with a third species k influencing the interaction 1 9 0 between the two species i and j given as (see appendix 2):
And, ߛ ሺ ‫ݐ‬ ሻ can be written as (appendix 2):
total number of species in the community. Thus we can formally define intraspecific HOIs as We must add that until now HOIs and evolutionary dynamics have not been could constitute a first step in that effort. We make our HOIs density dependent purely for 2 0 8 mathematical simplicity, and although density-mediated HOIs could be prevalent in nature, 2 0 9
we have no reason to presume that it is the norm. Using the three-way interactions community model (see section 2.2 above), we assess the 2 2 4
influence of intraspecific trait variation on species coexistence. We examine analytically and intraspecific variation. For mathematical simplicity, in this section, we assume that 2 2 7 intraspecific variation is same for all the species in the community such that
Based on strictly pairwise and three-way interactions in a diverse community, Bairey et al. community with pairwise as well as three-way interactions will follow (appendix 3):
Hence the ratio of species richness with and without intraspecific variation (see appendix 3) 2 3 3 will follow: We assessed the effect of different levels of intraspecific trait variation on community 2 5 0 structure and species coexistence using data generated from simulations of our community 2 5 1 model. We simulated both trait dynamics and population dynamics resulting from equations 2 5 2
(3) and (4). Initial species number for the start of each simulation was 40. All the 40 species were randomly assigned an initial trait value within -0.5 to 0.5 in the trait axis. Outside this 2 5 4 trait regime, fitness value of a species will be extreme and growth rate will be negative. Effectively, this strict criterion qualitatively means that outside this trait boundary resource acquisition by a species is too low to survive and have positive growth rate. We carried out 2 5 7 45 replicate simulations for each level of intraspecific variation. We also simultaneously 2 5 8 tested the influence of the width of the competition kernel, which signifies the strength of coexistence. In all our simulations, heritability h i 2 of the trait for all species was fixed at 0.1.
6 2
We evolved our community for a maximum of 1x10 4 time points, but we concluded evolved for more than 5x10 3 time points. If this condition was not met, we kept the 2 6 8 simulation going for another 5x10 3 time points before checking for the same condition. This condition was however met at almost every simulation indicating the tendency for 2 7 0 convergence toward stable species density values. high variation: Table 1 , for parameters used). Theoretical models have suggested that species coexisting together tend to spread more in the trait-axis. We measured trait similarity among coexisting species by measuring the CV values would indicate even spacing of traits. In addition, we also compared results from 2 9 0 trait clustering in the presence and absence of HOIs (see appendix 4). Stability of our community model with higher-order interactions was measured by calculating 2 9 4
the Jacobian at equilibrium. Specifically, the Jacobian of our dynamical system at a given 2 9 5 point is (see appendix 5):
where, ߜ is the Kronecker delta. At the end of our simulations, it is possible that all the 2 9 9 species coexist, but for the community to be locally stable, the eigenvalues of the Jacobian at 3 0 0 that point must all be negative. Thereafter, we measured the average robustness of the intraspecific variation, we calculated the average community robustness as the measure to We found that communities with higher intraspecific variation resulted in greater numbers of 3 1 5
coexisting species than communities that had no intraspecific variation (Fig. 3) . At low levels 3 1 6 of intraspecific variation, the ratio of species richness with and without intraspecific variation was around 1. But as intraspecific variation increased, the ratio ௌ ೡ ೌ ௌ also increased 3 1 8 significantly (Fig. 3 ). 
Effect of intraspecific variation and strength in competition on species coexistence
3 2 1
We found that (see above) with increases in intraspecific variation, the numbers of coexisting 3 2 2
species increased. When we tested the interaction between competition and intraspecific 3 2 3 variation, we found that at low levels of competition w, the effect of intraspecific variation on greater number of species to coexist on the trait axis (Fig. 2, Fig. 3 ). in the presence of HOIs, only for certain values of strength of competition (Fig. 4) . Particularly, in comparison to low intraspecific variation, high intraspecific variation across 3 3 3 different competition levels resulted in high CVs of trait values (Fig. 4) . In the absence of 3 3 4
HOIs, however, trait clustering decreases as intraspecific variation increased. With increases in intraspecific variation, average robustness of the community decreased.
3 3 8
The community became less robust to external perturbation with increasing intraspecific trait 3 3 9
variation when compared with a community where intraspecific variation was low (Fig. 5 ). The importance and consequences of high intraspecific variation for species diversity and and found strong evidence for the stabilizing effect of intraspecific variation on species 3 5 5 coexistence.
3 5 6
The assumption that pairwise interactions between species are sufficient to describe 
